Stem and progenitor cells that exhibit significant regenerative potential and critical roles in cancer initiation and progression remain difficult to characterize. Cell fates are determined by reciprocal signaling between the cell microenvironment and the nucleus; hence parameters derived from nuclear remodeling are ideal candidates for stem/progenitor cell characterization. Here we applied high-content, single cell analysis of nuclear shape and organization to examine stem and progenitor cells destined to distinct differentiation endpoints, yet undistinguishable by conventional methods. Nuclear descriptors defined through image informatics classified mesenchymal stem cells poised to either adipogenic or osteogenic differentiation, and oligodendrocyte precursors isolated from different regions of the brain and destined to distinct astrocyte subtypes. Nuclear descriptors also revealed early changes in stem cells after chemical oncogenesis, allowing the identification of a class of cancer-mitigating biomaterials. To capture the metrology of nuclear changes, we developed a simple and quantitative "imaging-derived" parsing index, which reflects the dynamic evolution of the high-dimensional space of nuclear organizational features. A comparative analysis of parsing outcomes via either nuclear shape or textural metrics of the nuclear structural protein NuMA indicates the nuclear shape alone is a weak phenotypic predictor. In contrast, variations in the NuMA organization parsed emergent cell phenotypes and discerned emergent stages of stem cell transformation, supporting a prognosticating role for this protein in the outcomes of nuclear functions.
Introduction
Breakthroughs in stem cell biology have the potential to advance tissue repair and regeneration after injury or disease [1] . They also hold promise for the treatment of disorders caused by imbalanced stem cell differentiation such as cancer and osteoporosis [2, 3] . Stem cell signaling programs are complex and vary across tissues and developmental processes. The ability to accurately assess stem cell responses to their environments and identify their fate early is therefore extremely challenging [4] [5] [6] . Identifying phenotypes among heterogeneous populations in vivo and predicting single cell responses to biomaterials in vitro may provide new insights into differentiation mechanisms and facilitate purification and testing in cell cultures. However, most current approaches to characterize stem cells are limited to population-based analyses and require differentiation to occur, rather than pluripotent stages.
Our group recently reported that subtle quantifiable differences in cellular organization capture early variations in human mesenchymal stem cells (MSCs), as the cells commit to osteogenic or adipogenic lineages [7, 8] . These changes occur prior to detectable phenotypic http://dx.doi.org/10.1016/j.yexcr.2016.12.018 Received 27 October 2016; Received in revised form 20 December 2016; Accepted 22 December 2016 marker expression. Since the cell nucleus is the terminal gateway of outside-in signaling, including mechanotransduction of microenvironmental cues, the premise for this work is that accurate descriptors of emerging stem cell phenotypes may be derived from nuclear shape and organization.
Nuclear shape is defined by the conformation of the lamina and by the physical properties of the nucleoplasm. The nuclear envelope is connected to cytoskeletal actin, microtubules, and intermediate filaments that interact with the lamina via the linker of nucleoskeleton and cytoskeleton (LINC) complexes [9] . Changes in actin organization during stem cell differentiation [8] may therefore alter nuclear shape. Differentiation is further characterized by extensive remodeling of chromatin -one of the major determinants of nuclear rheological properties [10] . Nuclei isolated from human embryonic stem cells are, for instance, more deformable and stiffer compared to nuclei from differentiated cells [10] . However, to our knowledge it remains unknown whether nuclear shape per se would be a sensitive marker to distinguish stem cells during MSC lineage commitment, as well as in other contexts.
In addition to the overall nuclear shape, changes in nuclear organization may mirror different stages of stem cell differentiation. The cell nucleus is devoid of an internal membrane system and does not contain classic skeletal fibers. Yet, highly dynamic compartments found in the nucleoplasm regulate key nuclear processes such as the spatiotemporal control of genome expression and maintenance. For instance, splicing speckles labeled with the SRm160 splicing coactivator were shown to increase in size and become less numerous as mammary epithelial cells differentiate in response to extracellular matrix (ECM) signals [11] . In addition, we showed recently that high-content imaging of nuclear speckles labeled by SC-35 identifies changes in nuclear organization in response to microenvironmental cues, including growth factors, surface topologies, and microscale topographies [12] .
The nuclear mitotic apparatus (NuMA) protein is a nucleoskeletal element expressed throughout the nucleoplasm. NuMA is diffusely distributed in the nucleus of undifferentiated mammary epithelial cells and in patient-derived tumors, whereas it forms distinct focal patterns in the differentiated mammary gland, the intestinal epithelium, as well as in differentiated lens epithelial cells [11,13,14, unpublished data] . We previously analyzed combinations of morphometric readouts derived from actin, nuclear shape, and NuMA to classify MSC phenotypes [7] . The present study was designed to test whether the higher-order nuclear organization of NuMA per se parses and predicts emergent stem and progenitor cell fates across multiple contexts.
Materials and methods

Human mesenchymal stem cell culture and transformation
MSCs were obtained from Lonza and cultured according to the supplier's recommendations and reagents. Cells were received at passage 1 and used between passages 13 and 19. Oncogenic transformation was induced with periodic treatments with nickel(II) sulfate (NiSO 4 ) [15] . Briefly, 24 h after plating, cells were treated for 48 h with a NiSO 4 solution (36-72 μM) in MSC cell culture medium (Lonza). This incubation medium was then replaced with regular medium for 48 h; cells were treated a second time with NiSO 4 for 72 h, incubated 72 h in regular cell culture medium, and used for analysis. Genetically transformed MSCs (termed tMSC in this manuscript) were obtained from Dr. Richard Gorlick at the Children's Hospital at Montefiore, Bronx, New York. These cells were immortalized with hTERT expression and transformed following p53 inactivation and activation of KRas and C-Myc [16] . The osteogenic and adipogenic induction as well as phenotypic characterization of MSCs were performed as described previously [8] . Briefly, cells were cultured for two weeks either in adipogenic medium or in osteogenic medium, then stained for alkaline phosphatase activity and lipid contents with Fast Blue RR/napthol (Sigma) and Oil Red O (Sigma), respectively. To image nuclei in live cells, MSCs were incubated with CellLight Nucleus-GFP (Invitrogen; 30 particles per cell for 12 h) to express SV40 NLS -GFP.
Assessment of MSC transformation
Fluorescence in situ hybridization (FISH) was used to detect transcripts from the human telomerase holoenzyme (hTR), in order to assess the degree of transformation in MSC populations. A cadmium selenium (CdSe)-conjugated quantum dot probe complementary to hTR mRNA (5′-NH 2 (CH 2 ) 12 -T*C*T*C*AGTTAGGG*T*T*A*G; peak emission =594 nm) was obtained from Roche Applied Science and used for FISH assays according to the manufacturer's protocol. FISH signals were imaged using a Leica TCS SP2 confocal microscope and mean fluorescence intensities were calculated for each cell after background subtraction. A Transformation Index, defined as the hTR expression relative to tMSCs, was calculated for each treatment. This index ranges between 0 and 1, with 0 corresponding to untransformed (untreated) MSCs and 1 corresponding to fully transformed tMSCs. BrdU assays were performed according to the manufacturer's instructions (Invitrogen). Expression of cell surface markers was quantified by flow cytometry, using CD44-FITC, Stro-1-PE, and CD133-APC antibodies (eBioscience). 100,000 cells were incubated with the antibodies for (15 min, room temperature) and analyzed with a BD Facscalibur™ flow cytometer.
Polymeric substrates for MSC cultures
Tyrosine-derived polycarbonates [17] , polymethacrylates [18] , and poly(L-lactic acid) (Resomer L-206; Boehringer Ingelheim; Ridgefield, CT) were spin-coated onto cover glass using established protocols [19] . MSCs were seeded on polymer-coated substrates at a density of 20,000 cells per cm 2 , prior to NiSO 4 treatment, for either 3 or 11 days. At day 3, cells were immunostained with NuMA antibodies and imaged to calculate the Parsing Index (described below). Telomerase expression was measured at day 11.
Isolation and culture of oligodendrocyte precursor cells
Oligodendrocyte precursor cells (OPCs) were isolated from P6-P7 rat neonate brains and cultured as previously described [20] . After removing the cerebellum and olfactory bulb, the corpus collosum (CC) was carefully separated from the hippocampus, striatum, and cerebral cortices. To obtain OPCs from the cerebral cortex (CX), the dorsal cortical tissue anterior to the underlying hippocampus was taken after removal of the meninges and separation of the hippocampus, CC, and other ventral and anterior brain tissues. Lastly, to obtain OPCs from the optic nerve (ON) sections were performed between the regioñ 1 mm from the eye and~2 mm before the convergence of the optic chiasm. The meninges were removed and tissues were sliced with a scalpel prior to enzymatic and mechanical tissue separation. After extraction, OPCs were maintained in base culture medium consisting of Dulbecco's Modified Eagle's Medium (DMEM) supplemented with Sato components (0.0286% v/v bovine serum albumin pathocyte, 0.2 μM progesterone, 100 μM putrecine, 0.2 μM sodium selenite), 50 μg/ml human apo-transferrin, and 1 μg/ml bovine pancreas insulin. Following dissection and purification, OPCs were cultured in base medium supplemented with 10 ng/ml recombinant human plateletderived growth factor-AA (rhPDGF-AA; Peprotech) at 37°C in a humidified incubator with 10% CO 2 . Cell culture substrates used for OPC culture were coated with poly-L-lysine. For NuMA-based image analysis, freshly isolated OPCs were plated onto LabTek chamber slides (Thermo Scientific) at densities of 50,000 cells/cm 2 . Cells were allowed to adhere for 4 h. Then, samples were processed for immunofluorescence analysis.
Analysis of OPCs after long-term clonal selection
The day following isolation and purification, OPCs were plated at a low density (4-10 cells/cm 2 ) in medium with rhPDGF-AA. Cell adhesion, viability, and density were verified after 24 h of culture. Thereafter, cells were either maintained in base medium with 10 ng/ml PDGF-AA supporting proliferation, or cultured in base medium supplemented with 1 ng/ml PDGF-AA and 0.49 nM thyroid hormones (T3/T4) for differentiation. The media were changed on days 3 and 5. Cells were fixed on day 7 and immunostained for A2B5 and GalC. Nuclei were counterstained with Hoescht and the corresponding signals were used to identify and count cells in each colony. The proportion of OPCs (A2B5 positive and GalC negative) and of oligodendrocytes (A2B5 negative and GalC positive) was calculated for each individual colony based on the immunofluorescence signals. Colony probability was calculated as the number of colonies exhibiting a certain trait (i.e., number of oligodendrocytes and number of OPCs per colony) divided by the total number of colonies for a given treatment condition.
Immunofluorescence staining
MSCs and OPCs were fixed with 4% paraformaldehyde for 10 min and incubated 1 h in blocking and permeabilization solution [0.1% Triton X-100 (Sigma) and 5% normal goat serum (MP Biomedicals) in phosphate-buffered saline (PBS)]. Primary antibodies, diluted 1:500 in blocking/permeabilization solution, were incubated overnight at 4°C and detected using anti-rabbit and -mouse secondary antibodies conjugated to Alexa Fluor 488 (Invitrogen; 1:250 dilutions; 2 h incubations at room temperature). To identify cell nuclei, samples were counterstained with 1 μg/ml 4′,6-diamidino-2-phenylindole (DAPI) in PBS. The primary antibodies used for immunofluorescence were against the A2B5 antigen (Millipore, MAB312), galactocerebroside (GalC; Millipore, Ab142), NuMA (Abcam, ab36999), and topoisomerase II-α (Abcam, ab75765).
High-content imaging and morphotextural informatics
Samples stained with NuMA antibodies and with a nuclear dye (DAPI) were imaged with a 63x glycerin immersion objective (NA =1.3) mounted on a multiphoton TCS SP2 confocal microscope. To analyze NuMA signal, binary masks were generated from DAPI images and were superimposed with the corresponding NuMA images (Fig. 1A) . The ImagePro Plus (Media Cybernetics) software was then used to obtain first order nuclear shape and higher-order NuMA descriptors for each cell. Descriptors included in the analyses were related to nuclear shape, signal intensity (expression level of NuMA), and organization/ texture of the protein (describing the spatial distribution and location of NuMA within the nucleus). A complete list of shape and texture descriptors used in this study can be found in Supplementary Table 1 . After computation of the 43 shape, intensity, and organization/texture descriptors for each cell, principal component analysis was used to reduce the high dimensionality of the descriptor space into three principal components (PCs), visualized in 3D plots. In these plots, each axis (PC) is derived from a linear combination of a group of descriptors (Fig. 1A) . To identify differences across conditions, the PCs underwent a classification scheme which utilized a support vector machine (SVM) with a randomized two-fold cross validation on individual data sets. Three parameters (sensitivity, specificity, and accuracy) were calculated using SVM and used to evaluate the performance of the classification. Sensitivity and specificity represent the proportion of actual positives and actual negatives that are correctly identified as such, respectively, whereas accuracy is defined as the sum of the actual positives and actual negatives divided by the total number of cells analyzed in both groups. High classification and prediction are demarcated by high values of sensitivity and specificity, while low values of sensitivity and specificity indicate poor classification and discrimination between two datasets.
A Parsing Index was developed in this study to better visualize and quantify the robustness of classifications based on morphotextural analyses (Fig. 1B-C) . For this approach, treatments are compared with 'positive' and 'negative' controls in the SVM classifier. For example, to assess the extent of differentiated cell differentiation in a test condition, the negative and positive datasets correspond to naïve, undifferentiated cells and fully differentiated cells, respectively. To generate Parsing Indexes, sensitivity and specificity values are calculated for the negative, positive, and test datasets. Next, sensitivity and specificity values are used to generate a "Receiver Operating Curve" (ROC), such that the area under the ROC (A zi ) is an estimate of how different the test condition is from the negative and positive controls (black, green, and red circles in Fig. 1B) . To calculate the Parsing Index for a test condition, A z1 (ROC between test condition and negative control) and A z2 (ROC between test condition and positive control) are used to estimate the location of the test set (black diamond) with respect to the negative (green diamond) and positive (red diamond) controls (Fig. 1C) . Such indexing allows the emergent cell lineage state to be assessed in relation to the degree of lineage restriction.
Results
Early identification of mesenchymal stem cell differentiation with high-content imaging of nuclear descriptors
Human mesenchymal stem cells (MSCs) derived from the bone marrow differentiate in vitro into osetogenic (OS) and adipogenic (AD) cell lineages depending on cell density and growth factor exposure. Cells committed to these linages are phenotypically distinct, notably with high alkaline phosphatase activity after OS differentiation, and increased lipid content in the AD lineage. These divergent phenotypes can easily be parsed after 14 days in culture using conventional cytological stains ( Fig. 2A) . However, cells poised to the OS or AD linages are indistinguishable with cytological dyes at the early stage of culture. We showed previously that high-content image analysis of the actin cytoskeleton [8] or of composite staining of actin, DNA, and the nuclear structural protein NuMA [7] classifies cells early (72 h) during OS and AD differentiation -well before gross morphological and biochemical changes take place. High-content analysis of NuMA signals distinguishes MSCs with high vs. low expression of the transcription factors Oct-4 and Sox2 that maintain pluripotent MSCs [21] . We therefore analyzed MSC differentiating towards the OS and AD lineages using nuclear shape descriptors, as well as texture descriptors derived from NuMA staining (see the analysis pipeline in Fig. 1 ). For both OS and AD treatments, nuclear shape and NuMA descriptors, reduced for visualization to three principal components, clearly parsed differentiating cells from controls in basal medium (Fig. 2B-C) .
To better assess similarity/dissimilarity between treatment conditions, we developed a Parsing Index whose values range between 0 and 1 -each extreme corresponding to fully distinct phenotypes (see Material and methods and Fig. 1B-C) . In this case, zero represents undifferentiated, naïve MSCs, whereas one corresponds to MSCs fully differentiated to the OS or AD lineages after 14 days of culture. Parsing Indexes were computed after 72 h in culture. At this time point, while the indexes derived from conventional cytological stains were close to zero for both OS and AD, the indexes derived from the high-content nuclear descriptors were clearly distinct from the undifferentiated stage (0.74 and 0.73 for cells in osteogenic medium and in adipogenic medium, respectively). Hence, nuclear descriptors are sufficient for the early distinction of MSCs committed to distinct differentiation paths, and MSC commitment can precisely be quantified using Parsing Indexes derived from the high-content imaging data.
The classification of the OS and AD phenotypes in Fig. 2C regroups very different morphotextural aspects of the cell nucleus: Its shape and S.L. Vega et al. Experimental Cell Research 351 (2017) [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] internal organization. To determine which of these aspects contributes to our ability to distinguish emergent and established MSC phenotypes, the datasets collected after 3 or 14 days of osteogenic and adipogenic treatments were reanalyzed using descriptors corresponding either to nuclear shape (DAPI signals) or to nuclear organization (NuMA staining) (Fig. 3) . As expected, both classification methods were highly accurate to parse fully differentiated MSCs (day 14; data not shown). For MSCs at an early differentiation stage (day 3), nuclear shape descriptors poorly separated the treatment conditions, whereas NuMA descriptors alone were different, suggesting that changes in nuclear organization take place early during MSC differentiation.
NuMA descriptors distinguish oligodendrocyte precursors located in different brain regions
The trilineage differentiation of MSCs (adipocytes, osteoblasts and chondroblasts) yields widely different phenotypes, easily distinguishable using morphotextural analysis of the actin cytoskeleton [8] and the shape and internal organization of the cell nucleus (Fig. 2) , as well as classical cytological assays detecting changes in cellular composition and enzymatic activities -albeit at later time points. To test whether the morphotextural descriptors derived from NuMA have the capacity to classify more subtle differences in phenotype, we analyzed oligoden- classification is used to calculate sensitivity, specificity, and accuracy to evaluate the performance of the classification. High values of sensitivity, specificity, and accuracy indicate high classification performance. (B) Shifting a hyperplane that best separates two experimental conditions using PCA (e.g., naïve stem cells and differentiated phenotype 'X') generates a receiver operator curve (ROC). The ROC represents an estimate of how different the test set (black) is from the two defined conditions (green and red). (C) A Parsing Index is derived by combining the area under the ROC curves between test and reference conditions (i.e., A z1 and A z2 ). This index evaluates how similar the test set is relative to the trained classifier conditions. The Parsing Index value for the test set ranges between 0 and 1, where 0 (green diamond) and 1 (red diamond) correspond to the two reference conditions. drocyte precursor cells (OPCs) derived from distinct brain regions as a model system of antigenically identical stem/progenitor cells. In developing and adult brains, OPCs differentiate into glial cells producing myelin, the major component of white matter [22] . But OPCs from diverse regions of the brain have intrinsic differences such as distinct timing of myelination. Currently, only laborious assays of proliferation and differentiation profiles can tell apart different OPC populations in vitro [20, 23] .
OPCs were isolated from the cerebral cortex (CX), the corpus collosum (CC), and the optic nerve (ON) from neonatal rats, then attached onto glass coverslips and analyzed immediately. We first confirmed purity based on high expression of the A2B5 antigen that was observed in more than 99% of CX-, CC-, and ON-derived OPCs (Fig. 4A) . A2B5 staining was indistinguishable among OPCs from the different brain locations and the marker was expressed at similar levels (Fig. 4B) . We also verified absence of galactocerebroside expression (GalC, a marker for differentiated oligodendrocytes) in purified OPCs. As expected [20] , differences in the relative proportion of OPCs and oligodendrocytes were observed after seven days in culture when comparing primary cells isolated from different brain regions (Fig. 4C) . Notably, CC precursors were less proliferative and more prone to differentiate than CX precursors.
Morphotextural analysis with descriptors derived from nuclear shape and from NuMA staining distinguished OPCs directly upon isolation from the different brain locations (Fig. 4D) . Effective separation was visualized in three-dimensional feature spaces after principal component analyses and evidenced by high classification performance (86.8% sensitivity and 80.7% specificity for CX vs. ON; 94.7% sensitivity and 91.7% specificity for CC vs. CX). To tease apart the relative contribution of nuclear shape and nuclear organization probed with NuMA texture descriptors, we repeated the analysis of CX, CC and ON OPCs, this time using only either shape descriptors (30) or texture descriptors (13) (Fig. 5) . While classification was consistently less accurate using shape descriptors compared to the analyses with all descriptors, classification based on NuMA texture proved as accurate as classification with the entire descriptor set, indicating that the subnuclear distribution of NuMA is a major discriminating feature of OPCs poised to subtly different phenotypic outcomes. 
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Fig . 3 . NuMA texture distinguishes MSC phenotypes. High-content morphotextural analysis of nuclear descriptors in MSCs treated for 3 days with osteogenic (OS), adipogenic (AD) or basal (BA) medium. All descriptors (top panels) or subsets of descriptors corresponding to nuclear shape (DAPI; middle panels) and NuMA texture (bottom panels) were used for classification. Classifying metrics are shown. Red and green highlights identify worse and better classifications relative to the complete descriptor pool, respectively. 
Morphotextural descriptors derived from NuMA predict oncogenic transformation of MSCs
Having established that nuclear shape and organization derived from NuMA staining predicts MSC and OPC differentiation, we examined whether similar descriptors can differentiate stem cells undergoing transformation following nickel sulfate (NiSO 4 ) treatment, which is used as a model of oncogenesis [15, 24] . We chose a chemical oncogenesis method since this approach enabled us to assess phenotypes at earlier time points compared to genetic transformation. Treatment with NiSO 4 is reported to induce genomic instability [25] and to increase the expression of alpha4, a key regulator of the protein phosphatase 2A highly expressed in human cancers [26] . In addition, we measured increased proliferation, higher expression of topoisomerase II-α, and altered cell surface marker profiles, consistent with oncogenesis by NiSO 4 in MSCs (Fig. 6A-D) . We also assessed telomerase (hTR) expression as an indicator of MSC transformation. While hTR transcript abundance was similar in control and NiSO 4 -treated cells after 3 days of culture, hTR expression was increased in NiSO 4 -treated cells after an extended (11 days) culture period (Fig. 6E) . As expected, hTR was also found to be up-regulated in fully transformed MSCs (tMSCs; [16] ) used as a benchmark for comparisons. Nuclear morphotextural descriptors extracted from MSCs, NiSO 4 -treated MSCs, and tMSCs could discriminate between the three conditions with high specificity, sensitivity, and accuracy (Figs. 6F and 7A, top panels). In particular, the Parsing Index approach developed and Fig. 5 . NuMA texture parses OPCs from different origins. NuMA staining and DAPI nuclear conterstain of OPCs isolated from the optic nerve (ON), the cortex (CX) and the corpus collosum (CC) were used for high-content morphotextural analysis using all (top panels) or subsets of descriptors corresponding to nuclear shape (middle panels) and NuMA texture (bottom panels). Classifying metrics are shown. Red and green highlights identify worse and better classifications relative to the complete descriptor pool, respectively.
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Experimental Cell Research 351 (2017) [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] validated in the previous section clearly showed that nuclear shape and/or organization in cells exposed to the carcinogen is mid-way between that of unchallenged and fully transformed cells (Fig. 6F) .
In physiologically normal and pathological contexts, divergent cell phenotypes are never found in isolation, but rather combined, leading to intrinsic tissue heterogeneity, which is particularly relevant to cancer progression [27] . To determine if morphotextural nuclear descriptors distinguish phenotypes within a heterogeneous population, we ana- MSCs (three days after treatment), and tMSCs. All descriptors were used for the analyses in the top panels, whereas a subset of nuclear shape or NuMA texture descriptors were used for the analyses in the middle and lower panels, respectively. Classifying metrics are shown, with red highlights identifying worse classification compared to the full pool of descriptors.
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lyzed nuclear descriptors derived from cocultures of normal and transformed MSCs (Supplementary Fig. S1 ). We took advantage of the distinct levels of actin filaments in MSCs and tMSC (lower in the latter) to verify the classification. Morphotextural nuclear descriptors could parse the two cell types, albeit less efficiently than in monocultures, suggesting that reciprocal influences between normal and transformed cells may lead to phenotypical uniformization.
Interactions between cells and their ECM define the structured integration of microenvironmental cues [28] . As a corollary, responses to oncogenic stimuli are strongly influenced by the composition and physical properties of the ECM and the characteristics of the substratum. Therefore, we tested the stem cell transformative effects of different engineered biomaterials designed as candidate substrates for the replacement of resected, cancerous bone or for the implantation of stem cells with osteogenic potential. We sought to use the nuclear descriptors of stem cells to demarcate the capacity of these biomaterials to mitigate or promote NiSO 4 -induced transformation of MSCs. For this purpose, we used a combinatorial library of biocompatible polymers ( Supplementary Fig. S2 ) and assessed transformation of MSC on these substrates based on hTR expression and nuclear descriptors. Compared to cells on coverglass used as the reference, nine polymers reduced or abolished hTR upregulation by the carcinogen, whereas two polymers increased hTR expression after NiSO 4 -treatment, (Fig. 6G) . Importantly, hTR expression tightly correlated (Pearson correlation coefficient =0.76) with the Parsing Index values computed with nuclear descriptors for cell populations on each biomaterial substrate (Fig. 6H ). These results demonstrate that descriptors of nuclear shape and/or NuMA texture predict MSC susceptibility to oncogenic transformation.
Pathologists routinely use nuclear shape and size (nuclear grade) to stage tumors. As expected, transformed MSCs had larger, more irregular nuclei compared to MSCs, visualized by imaging nuclei in live cells expressing GFP fused to the SV40 nuclear localization signal (Fig. 7A) . This result was confirmed by high-content analysis, using the shape-based pool of descriptors (Fig. 7B) . Next, to define the relative contribution of nuclear shape vs. organization to phenotypic parsing in the context of early MSC transformation, we took the same approach as for OPCs and MSCs, namely calculated classification metrics (sensitivity, specificity, accuracy) based on either class of descriptors (Fig. 7C) . Similar to the OPC and MSC classifications, shape descriptors poorly differentiated non-transformed MSCs from partially transformed MSCs. In particular, specificity values significantly decreased for all comparisons when only nuclear shape descriptors were analyzed, indicating a high number of false positives. In contrast, NuMA textural descriptors efficaciously classified MSCs, tMSCs, and MSCs shortly after carcinogen exposure.
Discussion
The high-content profiling methodology used for the present study detects minute variations in nuclear shape and organization in stem cells poised to different phenotypes although these cells are essentially indistinguishable with conventional assays. The remarkable power of this single-cell approach is its ability to glean and predict emergent cellular behaviors in heterogeneous cell populations. The analyses reported herein extend our previous observation that the overall morphological attributes of actin cytoskeleton predicts mesenchymal stem cell lineage commitment [8] . Tensegrity models supported by a large body of experimental evidence predict mechanical coupling of intranuclear elements to the nuclear envelope, the cytoskeleton, and the ECM [29] . This dynamic structural continuum enables reciprocity between nuclear functions and the cell's microenvironment [28, 30] . It was therefore expected that emergent mesenchymal stem cell phenotypes distinguishable based on cytoskeletal organization [8] or based on a composite pool of cytoskeletal and nuclear descriptors [7] would also be differentiated solely based on nuclear shape and organization (Fig. 2) . Our analysis of oligodendrocyte precursor cells from different brain regions (Fig. 4) further indicates that high-content analysis of nuclear shape and organization is likely to be generally applicable to predict and sort phenotypes in (stem) cells. In these different contexts, nuclear features parsed cell behaviors earlier and more reliably than conventional assays.
The morphotextural profiling approach is distinct from classic machine learning methods that distinguish between image features appearing clearly different to the human eye, such as prominent heterochromatin domains in mouse vs. human nuclei [31] or grossly different nuclear morphologies (e.g., hepatocytes vs. fibroblasts; [32] ). In contrast, high-content image profiling yields an unbiased assessment that does not rely on any preconception or biased supervision. The approach parses subtle differences, typically not apparent to visual observation. A drawback of the approach is the challenge to conceptualize differences detected in high-dimensional descriptor spaces. A comparative analysis of subsets of descriptors (as done here for nuclear shape vs. texture) is one approach to address this challenge.
From our experiments, the nuclear organization stands out as a powerful readout of stem cell fates. It will be interesting to compare in future studies the various phenotypical classifications achieved with different nuclear proteins, individually or in combination. Here, we focused on the structural protein NuMA, an abundant component of the nucleus in eukaryotic cells. Beyond its well characterized role in mitosis [33] , mounting evidence indicates that NuMA plays important roles in cell differentiation [11, 13, 14] , apoptosis [34, 35] , DNA repair [36, 37] , and cancer initiation and progression [14, unpublished observations] . While differentiated cells exhibit clear differences in nuclear size and shape, nuclear shape descriptors alone were inadequate to robustly classify emergent phenotypes (Figs. 3 and 5) . In contrast, a relatively small number (13) of texture descriptors derived from NuMA staining could parse distinct MSC and OPC fates. The results mirror our previous finding that textural analysis of nuclear splicing speckles (SC-35), a feature of nuclear organization intimately related to gene expression control, efficaciously classified MSCs poised to different lineages, whereas Lamin A staining, which essentially delineates the area of the nucleus, did not [12] . Our observations highlight the importance of nuclear organization in general and of the NuMA protein in particular in the regulation of key cellular processes that are precursors to changes in cell phenotypes and behaviors.
Specifically, we propose that expression and subnuclear distribution of NuMA regulates transcription programs, including those of stemness-related genes. We showed previously that NuMA is present in the chromatin fraction and influences chromatin organization [14] . Specifically, NuMA-derived descriptors classified cells with high and low expression of the stem cell markers Oct-4 and Sox2 in human embryonic stem cells and in induced pluripotent stem cells, respectively [21] . Finally, transcriptome profiling of differentiating MSCs showed that NuMA is upregulated after osteogenic induction and downregulated after adipogenic induction in comparison to naïve MSCs [7] . The different NuMA textures measured in MSCs committed to become osteoblasts and adipocytes, as well as in oligodendrocyte progenitor cells with distinct self-renewal capabilities and differentiation patterns, further supports this hypothesis.
Pathologists use the histological assessment of the nuclear grade, typically, the evaluation of the size and shape of nuclei, to broadly classify normal and diseased tissues. As expected, we measured slightly divergent nuclear shape descriptors in normal and transformed MSCs that matched measurements with traditional shape parameters (nuclear size and roundness) (Fig. 7A ). Yet, similarly to differentiating stem/ progenitor cells, the NuMA organizational texture proved to be a more robust classifier for cell transformation. This observation is in agreement with the differential radial localization of NuMA measured in non-neoplastic vs. malignant breast epithelial cells [38] . Cellular transformation is driven by genomic instability, and we recently showed that NuMA localization responds to DNA damage induction [36, 37] . However, since nickel sulfate is a weak inducer of DNA damage, it is likely that its effect on NuMA also reflects oncogenic alterations beyond DNA breaks, including altered transcriptional profiles under stress conditions. Stem cells hold tremendous promise for regenerative medicine, yet two major bottlenecks restrict their clinical application. The purification and amplification of stem cells from heterogeneous sources requires rigorous characterization, yet most conventional assays rely on cell populations and/or fail to discern divergent phenotypes early. There is also a concern that stem cell amplification may lead to transformation in specific contexts, leading to cancer initiation or recurrence. High levels of regenerative activity of stem cells can indeed result in stem cell transformation [6, 14, 39, 40] . Therefore, biocompatible growth substrates promoting stem cell proliferation while inhibiting their transformation are highly desirable. Using a small library of polymeric biomaterials, we identified divergent effects of different chemistries on chemical oncogenesis (Fig. 6 ). For example, tyrosinederived polycarbonates containing negatively charged desaminotyrosyl-tyrosine (DT) reduced transformation by nickel sulfate, whereas polycarbonates with polyethylene glycol (PEG) enhanced NiSO 4 -induced oncogenesis. While elucidating the underlying mechanisms is beyond the scope of this study, we hypothesize that the biomaterials modulate exogenous and intracellular reactive oxygen species (ROS) levels, and thus influence oncogenesis [41] [42] [43] . In an earlier study, we showed that PEG-containing substrates induce ROS production, whereas DT-containing polymers have the opposite effect [19] . Alternatively, electrostatic binding of nickel ions to the DT polymer surface may reduce nickel bioavailability and toxicity. Irrespective of the underlying mechanisms controlling cytotoxicity, we predict further applications of morphotextural analyses in the characterization of biomaterials for implantation and for in vitro expansion of stem cell populations for applications in regenerative medicine. We also anticipate applications to study and diagnose cancer stem cell emergence and amplification during cancer initiation and progression. Finally, with induced pluripotent stem cells (iPSCs) revolutionizing research and treatment options for common and rare diseases, we envision applying morphotextural analyses of nuclear organization for characterizing differentiation protocols, predicting genomic instability [44] , and studying tumor heterogeneity with cancer-derived iPSCs [45] .
